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Abstract—Mechanical loading of soft tissues covering bony
prominences can cause skeletal muscle damage, ultimately
resulting in a severe pressure ulcer termed deep tissue injury.
Recently, by means of an experimental-numerical approach,
it was shown that local tissue deformations cause tissue
damage once a deformation threshold is exceeded. In the
present study, the effects of load exposure time and inter-
mittent load relief on the development of deformation-
induced muscle damage were investigated. The data showed
that a 2 h loading period caused more damage than 10 min
loading. Intermittent load reliefs of 2 min during a 2 h
loading period had minimal effect on the evolution of skeletal
muscle damage. In addition, a local deformation threshold
for damage was found, which was similar for each of the
loading regimes applied in this study. For short loading
periods, these results imply that local tissue deformations
determine whether muscle damage will develop and the
exposure time inﬂuences the amount of tissue damage.
Temporary load reliefs were inefﬁcient in reducing deforma-
tion-induced damage, but may still inﬂuence the development
of ischemia-induced damage during longer loading periods.
Keywords—Pressure ulcers, Deep tissue injury, Magnetic
resonance imaging, Finite element modeling, Damage
threshold.
INTRODUCTION
Prolonged mechanical loading of soft tissues cov-
ering bony prominences, as present when individuals
are bedridden or wheelchair-bound, may lead to
degeneration of skeletal muscle tissue. This can result
in a condition termed pressure-related deep tissue
injury (DTI), a severe form of pressure ulcer that ini-
tiates in deep tissue layers under an intact skin.
2
Subsequently, this tissue damage can progress toward
the skin and develop into an extensive wound, with a
variable prognosis due to complications, such as
osteomyelitis, sepsis, and an increased mortality rate.
26
The etiology of diﬀerent forms of pressure ulcers is
not fully understood. Traditionally, compression-
induced ischemia is considered to represent the pri-
mary etiological factor. However, also other damage
pathways are involved, such as impaired lymphatic
drainage,
20 ischemia/reperfusion injury,
21,27,28 and
sustained tissue deformation.
5,6,11,24 Recently, animal
experiments of Stekelenburg et al.
25 showed that 2 h of
continuous muscle compression caused damage in
speciﬁc regions of the muscle while the complete tissue
was ischemic during loading. Finite element simula-
tions of these experiments by Ceelen et al.
7 demon-
strated that these regions of damage coincided with the
regions subjected to the largest deformations. In
addition, muscle damage was only observed in exper-
iments for which a distinct strain threshold was
exceeded. This indicates that when local tissue defor-
mations exceed a critical strain threshold, deformation
can play an important role in the etiology of DTI and
for a continuous loading period of 2 h, it is more
harmful to the tissue than ischemia.
In clinical practice, however, individuals are sub-
jected to a range of loading regimes, associated with
repositioning and pressure relief strategies for wheel-
chair-bound subjects. It is therefore important to
investigate how the relationship between deformation
and damage depends on the applied loading regime. In
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2577the present study, two questions were addressed:
(1) Do the strain–damage relationship and the critical
strain threshold for skeletal muscle tissue depend on
the load exposure time? (2) Does intermittent load
relief as present during repositioning schemes aﬀect the
damage evolution?
MATERIALS AND METHODS
A combined experimental-numerical approach was
adopted to investigate the relationship between muscle
deformation and damage, as illustrated in Fig. 1.
Animal experiments were performed to monitor the
damage evolution in mechanically loaded muscle tissue
by means of magnetic resonance imaging (MRI). By
simulating these experiments with dedicated ﬁnite ele-
ment (FE) models, the local deformations in the
muscle tissue during indentation could be estimated.
Animal Experiments
A previously developed animal model was used
to study the damage evolution in skeletal muscle
tissue.
7,23,24 In this model, 3- to 4-month-old female
Brown-Norway rats were used for which the tibialis
anterior (TA) muscle in the left hind limb was
mechanically loaded with an indenter. Animals were
housed under well-controlled laboratory conditions
(12 h light, 12 h dark cycles) and maintained on stan-
dard chow and water ad libitum. Rats were anesthe-
tized with 0.6 L/min medical air with 3% isoﬂurane for
induction and 1–2% for maintenance. Respiratory rate
was monitored and maintained within the physiologi-
cal range. The animal experiments were approved
and supervised by the Animal Care Committee of
Maastricht University.
Experimental Protocol
The experimental set-up and protocol have been
described in detail elsewhere.
7,23,24 To summarize
brieﬂy, hairs on the left hind limb of the rat were
removed by shaving, after which the left limb was
placed in a specially designed mold and ﬁxated with
plaster cast. The anesthetized animal was positioned
supine in the loading device, consisting of two con-
centric tubes, as illustrated in Fig. 2. The inner one
housed the animal, while the outer tube was used to
position the rat in a 6.3 T MR scanner (Bruker System,
External mechanical load
Internal local tissue deformation
Local tissue damage
Animal experiments Finite element modelling
indenter
TAmuscle
FIGURE 1. Schematic overview of the experimental-numerical approach. Animal experiments were performed in which the
damage evolution due to compressive loading was studied with MRI. Dedicated FE models were developed to estimate local tissue
deformations during loading. Left: MR image of a cross-section of the lower leg of a rat with an indenter compressing the tibialis
anterior (TA) muscle. MRI was also used to detect locations of muscle damage after release of the indenter. Right: Dedicated FE
model of the corresponding cross-section of the leg.
FIGURE 2. Schematic representation of the experimental setup (from Stekelenburg et al.
23 with permission).
LOERAKKER et al. 2578whorizontal bore, inner diameter 120 mm) with a
400 mT/m gradient coil. The rat was placed on a
heating pad to maintain body temperature within
physiological values. The left foot was ﬁxed with a
special holder, and a birdcage radio-frequency coil was
placed around the limb in a ﬁxed position. A hole in the
plaster cast enabled the application of a plastic cylin-
drical indenter (diameter 3 mm, length 6 mm, attached
to arod) to the TA muscle.The cylinder compressed the
tissuewithitslongaxisalignedwiththelongitudinalaxis
ofthelimb,suchthatadistanceof6 mmunderneaththe
indenter was subjected to approximately uniform
indentation in the transverse plane.
The damage evolution in the TA muscle was
investigated for three distinct loading regimes, as
indicated in Fig. 3. The effect of load exposure time
was studied by comparing 2 h loading (Fig. 3a) with
10 min loading (Fig. 3b). The 2 h continuous loading
regime was also compared with 2 h of intermittent
loading (12 9 10 min loading with 2 min recovery in
between, Fig. 3c), to investigate the inﬂuence of peri-
odic off-loading on the damage evolution. For the 2 h
continuous loading regime, experimental data (n = 11)
from Ceelen et al.
7 were used. For the 10 min loading
and 2 h intermittent loading regimes, 8 and 6 animals
were used, respectively.
MR Measurements
Transversal scout images were obtained to assess
the geometry of the rat leg and the angle and initial
position of the indenter. Damage in the TA muscle as a
result of indentation was assessed 90 min after the
completion of each loading regime with T2-weighted
MRI (multi-echo spin echo sequence with slice thick-
ness = 1 mm, FOV = 25 9 25 mm
2, matrix size =
128 9 128 pixels, number of signal averages = 2,
echo time TE = 10–320 ms, number of echoes = 32,
repetition time TR = 4 s, fat suppression). To obtain a
quantitative T2 map, signal intensities (SI) of succes-
sive echoes with time (TE) were ﬁtted, on a pixel-
to-pixel basis, to the equation
SI ¼ A þ Be TE=T2 ð1Þ
In the T2 map before loading, a region of interest in the
TA muscle was selected to determine the mean basal T2
value and its standard deviation. In the T2 map after
loading, regions covering at least 3 adjacent pixels with
elevated T2 compared with the mean basal value plus 3
times the standard deviation were selected as areas
with signiﬁcantly increased T2 values. Elevated T2
values have been previously associated with histologi-
cally observed muscle damage.
24
Finite Element Model
For each animal, dedicated plane stress FE models
were developed for 3–4 MR slices underneath the
indenter in each experiment, partly based on a previ-
ously validated dedicated FE model by Ceelen et al.
7,8
In this way, the observed geometric differences
between rats were accommodated. To create the mesh,
transversal scout images of the rat leg before loading
were used to detect the outer contours of the leg and
the tibia in Matlab (The Mathworks, Inc.), as illus-
trated in Fig. 4a. The tibia was assumed to be rigid.
The muscle tissue was considered incompressible and
was modeled as a single-mode hyperelastic Ogden
material with strain energy density W:
W ¼
l
a
ðk
a
1 þ k
a
2 þ k
a
3   3Þð 2Þ
In experiments of Bosboom et al.,
4 the parameters of
the Ogden model for transverse skeletal muscle tissue
(a)
(b)
(c)
FIGURE 3. Overview of three loading regimes. (a) 2 h continuous loading of the tibialis anterior (TA) muscle by indentation.
7 This
loading regime was compared with (b) a shorter loading period (10 min) and (c) with 2 h intermittent loading (12 3 10 min loading
with 2 min recovery in between). n denotes the number of animals that were subjected to the different loading regimes.
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ever, since such a large value for a causes convergence
problems in the simulations, a = 5 was chosen for the
present model, and l was scaled accordingly
(l = 3.6 kPa) to keep the ratio of l and a, represent-
ing the initial stiffness of the material, equivalent to the
one determined by Bosboom et al.
4 ki (i =1 ,2 ,3 )a r e
the principal stretch ratios.
From scout images of the deformed leg, the move-
ment of the tibia during indentation, and the angle and
depth of indentation were derived (Fig. 4b). In the FE
model, the displacements of the tibia and the indenter
were prescribed as essential boundary conditions. In
the present study, Coulomb friction was assumed
between the leg and the indenter, where the friction
coefﬁcient was adapted (between 0 and 1) for each FE
model to optimize the correspondence of the outer
contour of the leg during indentation between experi-
ment and simulation, as determined by visual inspec-
tion. The plaster cast surrounding the leg was modeled
as a rigid body in free-slip contact with the leg (Fig. 4c).
The FE model was implemented in MSC.Marc
(MARC Analysis Research Corporation, 2005).
Data Analysis
To compare local tissue deformations during
indentation with damage, the original undeformed FE
mesh was mapped to the situation in the T2 map
90 min after unloading (Fig. 5a).
7 In this quantitative
T2 image, a grid (points located at pixel centers with a
spacing of ~0.2 mm) was superimposed on the TA
muscle region, and the grid points at which T2 was
signiﬁcantly increased were identiﬁed (Fig. 5b). Sub-
sequently, the grid was mapped to the original unde-
formed FE mesh to obtain a reference conﬁguration in
the situation before loading, as shown in Fig. 5c. From
this, the nodal displacements of the mesh during
indentation, as determined by the FE analysis, were
interpolated onto the grid points, to deform the grid to
the situation during loading (Fig. 5d). With the con-
ﬁguration of the grid before and during loading, the
2D deformation gradient tensor F during indentation
was determined in each grid point, using a second-
order method to compute strains from a discrete set of
displacements.
12 This approach enabled the informa-
tion on T2 increase in the grid points to be compared
with the tissue deformations at the same locations.
From F, the principal stretch ratios ki (i =1 ,2 ,3 )
were determined for each grid point and the strain
energy density W was calculated. Thus, in each grid
point both the value of W and the presence or absence
of a signiﬁcant increase in T2 were determined.
Two analyses were performed to investigate the
relationship between deformation and damage
(Fig. 6). In the ﬁrst analysis, global measures of
deformation and damage were used to compare the
different loading regimes. In the second analysis,
deformation and damage were compared at a local
level to establish a material property for muscle tissue
independent of the speciﬁc geometry and deformation
pattern of the experiments.
Global Analysis
As a measure of deformation, the 2D strain energy
E needed to deform the TA muscle was calculated for
each cross-section by integrating W over the grid
(Fig. 6a):
E ¼
Z
A
WdA ¼
X Ngp
i¼1
Wi
 !
Apix ð3Þ
where Ngp is the number of grid points, Wi is the value
of W in grid point i,a n dApix is the pixel area. The total
FIGURE 4. (a) Transversal scout image of a cross-section of a rat leg before loading. Contours of leg and tibia were determined
(white lines) and used for mesh generation. (b) Scout image of the same rat leg during loading. Position of the tibia during loading
and angle and depth of indentation were determined (solid lines) and used for the essential boundary conditions (contours of leg
before loading are shown by dashed lines). (c) Resulting FE mesh of the rat leg with indenter and plaster cast modeled as rigid
bodies.
LOERAKKER et al. 2580area Ad of signiﬁcantly increased T2 values was deter-
mined for each cross-section as a global measure of
damage:
Ad ¼ NdApix ð4Þ
where Nd is the number of grid points with an elevated
T2. One value of E and Ad per experiment was
obtained by averaging the values of E and Ad over the
cross-sections.
Local Analysis
It was assumed that the local presence of damage
in the tissue follows a binomial distribution with a
probability p that depends on the local value of W.
To determine p, a smaller area was selected in each
grid (red box in Fig. 6b). In this area, approximately
25 regions of 3 9 3 grid points (0.6 mm 9 0.6 mm)
were deﬁned. The distance between these regions was
1 pixel to minimize the spatial dependency of the
results in neighboring regions. For each region, the
mean value of W was obtained as a local measure of
deformation:
W ¼
1
9
X 9
i¼1
Wi ð5Þ
The number of grid points (nd) with elevated T2 in the
area was used to estimate the local probability on
damage:
p ¼
1
9
nd ð6Þ
The relationship between W and p was determined by
ﬁtting the results of each loading regime to the fol-
lowing logistic regression model
16:
ln
p
1   p
  
¼ b1 þ b2W ð7Þ
where b1 and b2 are the regression coefﬁcients. To
estimate a local deformation threshold for damage, a
receiver operating characteristic (ROC) curve was
FIGURE 5. (a) T2 map of a rat leg 90 min after unloading. A region of interest around the TA muscle was selected (white box).
(b) A grid was positioned at the pixel centers within this region. Grid points where T2 was signiﬁcantly increased are shown in
white. (c) The grid was mapped to the original undeformed FE mesh to obtain a reference conﬁguration. (d) Grid deformed to the
situation during loading.
Temporal Effects of Loading on Skeletal Muscle Damage 2581determined for each loading regime to determine an
optimal cutoff value for W to discriminate between
deformations with a high or low risk of causing dam-
age.
1,22 The ROC curves were constructed by plotting
the sensitivity, which is the probability of correctly
predicting damage in case of damage, vs. (1   speci-
ﬁcity), where speciﬁcity equals the probability of cor-
rectly predicting that there is no damage in case of no
damage, for a range of cutoff values for W. Then, the
point on the ROC curve closest to the upper left
corner (0, 1) of the graph was determined as the opti-
mal cutoff value for balancing the sensitivity and
speciﬁcity.
1
RESULTS
Figure 7 shows the MR images and contours of the
accompanying FE models (yellow lines) for a typical
experiment for each loading regime. Large differences
were evident between the shapes of the legs of the
different animals (Figs. 7a, 7e, and 7i), indicating the
necessity of developing separate dedicated FE models
for each animal. The contours of the FE models of the
rat legs during indentation showed a good correspon-
dence with the actual contours of the deformed legs in
the MR images (Figs. 7b, 7f, and 7j). The T2 maps
show that elevated T2 values in the TA muscle were
concentrated in a narrow region extending from the
skin underneath the indenter to the tibia for all three
loading regimes (Figs. 7c, 7g, and 7k).
The distributions of W in the grid, derived from the
FE analyses, are shown in Figs. 7d, 7h, and 7l, where
the locations with signiﬁcantly increased T2 are indi-
cated by white circles. For all three loading regimes,
elevated T2 values were mainly present in highly
deformed areas. For the 2 h continuous loading
regime, the region of T2 increase clearly corresponded
to the region of high values of W (Fig. 7d). However,
the spatial T2 pattern was slightly different from that
of the deformation proﬁle. For the other two loading
regimes, there was very close correspondence between
the regions of T2 increase and high deformations
(Figs. 7h and 7l).
Global Analysis
The results of the global comparison of deformation
and damage are depicted in Fig. 8. For each experi-
ment, the mean area Ad with elevated T2 in the TA
muscle is plotted against the mean 2D strain energy E
in the muscle during indentation. Figure 8 shows that
no T2 increase occurred for all three loading regimes
when E was less than a threshold zone ranging from
0.8 9 10
 4 to 1.0 9 10
 4 J/mm. When this threshold
was exceeded, Ad increased monotonically with E.
When the two continuous loading regimes are com-
pared, this increase of the affected area with E was
larger for 2 h loading than for 10 min. By contrast,
there were little differences in size of the affected region
at corresponding E values, when the results of 2 h
continuous loading are compared with 2 h intermittent
loading.
Local Analysis
Figure 9a shows the probability p on a signiﬁcant
increase in T2 value as a function of W for each loading
regime. For both 10 min continuous and 2 h inter-
mittent loading, the probability was approximately
zero for W ¼ 0 and increased with W. However,
beyond W   5 kPa, the curves of these two loading
regimes started to diverge, with p values for 2 h
intermittent loading being consistently higher than
0
5
10
15
20
S
t
r
a
i
n
e
n
e
r
g
y
d
e
n
s
i
t
y
[
k
P
a
]
(a) (b)
0
5
10
15
20
S
t
r
a
i
n
e
n
e
r
g
y
d
e
n
s
i
t
y
[
k
P
a
]
FIGURE 6. Strain energy density in the grid (color) where locations with a signiﬁcant increase in T2 are indicated by white circles.
(a) Global analysis: The strain energy density was integrated over the grid to obtain the 2D strain energy, and the area of elevated
T2 values in the grid was used as a measure of damage. (b) Local analysis: ~25 regions (green)o f33 3 grid points were positioned
in a smaller area (red box). For each region, the mean strain energy density and the fraction of grid points with elevated T2 were
determined.
LOERAKKER et al. 2582those for 10 min loading. For 2 h continuous loading,
p was slightly larger than zero when W ¼ 0, and
increased further with W. Differences were also evident
between the derived probability curves of the 2 h
loading regimes, with a steeper increase of p with W for
intermittent loading when compared to continuous
loading (Fig. 9a).
From the ROC curves, depicted in Fig. 9b, the
optimal cutoff values for W can be determined to
discriminate between high- and low-risk deformations.
These values, as indicated in Table 1, reveal a local
threshold value of approximately 6–7 kPa for each of
the three loading regimes.
DISCUSSION
In the present study, the eﬀects of load exposure
time and intermittent load relief on the development of
deformation-induced skeletal muscle damage were
investigated in a rat model, using a combination of
MRI techniques and dedicated FE models. The eﬀect
of exposure time was investigated by comparing 2 h
and 10 min continuous loading periods. The 2 h con-
tinuous loading period was also compared with a 2 h
intermittent loading protocol to assess the eﬀect of
periodic relief of loading. It was found that muscle
damage only occurred beyond a deformation threshold,
(a) (b) (c) (d)
(h)
(l)
(g) (f) (e)
(i) (j) (k)
FIGURE 7. Scout images with corresponding FE model contours (yellow), T2 maps with ROI (purple) including the TA muscle, and
distributions of W (color) together with locations of T2 increase (white circles) in the ROI for a typical experiment with 2 h
continuous loading (a–d), 10 min loading (e–h), and 2 h intermittent (12 3 10 min) loading (i–l).
FIGURE 8. Mean area Ad with signiﬁcantly increased T2 val-
ues in the TA muscle vs. the mean 2D strain energy E in the
muscle during indentation.
Temporal Effects of Loading on Skeletal Muscle Damage 2583which was similar for each of the three loading
regimes. When the threshold was exceeded, the amount
of muscle damage was larger after a 2 h loading period
than after 10 min of loading. Brief periods of load
relief during a 2 h loading period did not have any
signiﬁcant eﬀect on the damage evolution.
A well-established animal model was used to study
the development of deformation-induced muscle
damage by means of T2-weighted MRI.
23,24 An
increase in the transverse relaxation time T2 is gener-
ally accepted as an indication of tissue damage.
10
Moreover, in previous studies a good correlation was
reported between T2-weighted MRI and skeletal mus-
cle damage assessed histologically.
3,24 Therefore,
locations in the tissue exhibiting a signiﬁcant increase
in T2 value after loading were considered to represent
areas of tissue damage. However, several pathological
mechanisms, e.g. edema, necrosis, and inﬂammation,
may contribute to the T2 elevation and can therefore
not be distinguished. Additionally, the T2 increase
observed in this study reﬂects early cellular damage
and swelling, and not an advanced state of damage as
present during deep tissue injury.
24
The internal tissue deformations during loading
were simulated by means of dedicated FE models,
based on a previously validated FE model of Ceelen
et al.
7,8 The use of dedicated FE models to estimate
the internal deformations during loading enabled the
comparison of deformation and damage within the
same experiment. In addition, this approach could
account for the variability in the observed amounts of
damage between experiments due to different tissue
geometries and deformations. The FE models
reported from our previous study showed good
agreement with internal muscle deformations as
determined from MR-tagging data.
8 The high level of
agreement of the deformed FE model contours with
the MR images in that study supported the assump-
tion of a plane stress situation. Furthermore, since
displacements were prescribed, the geometry and
boundary conditions had a larger inﬂuence on the
resulting strains than the material properties of the
muscle tissue. In the present study, a number of
adaptations were implemented in the model to further
improve the correspondence between FE model and
experiment. A hyperelastic Ogden model was used
with a higher order of nonlinearity than the Neo-
Hookean material law that was used in the original
FE model of Ceelen et al.
8 The model parameters
were partly based on experiments of Bosboom et al.,
4
but the high order of nonlinearity that was estimated
in that study could not be imposed due to conver-
gence problems. Therefore, the results of the present
study should not be considered as absolute values,
but rather as relative values to distinguish between
the effects of different loading regimes. Using a more
sophisticated constitutive model for skeletal muscle
tissue (e.g. see Van Loocke et al.
29) would improve
the FE model in the sense that a more accurate
estimation of threshold values could be obtained.
Including friction between the indenter and rat leg
strongly inﬂuenced and improved the overlap between
the outer contours of the leg in FE model and
experiment, and also inﬂuenced the locations in
the FE model where the largest deformations were
(b) (a)
FIGURE 9. (a) Probability p on a signiﬁcant increase in T2 as a function of the mean strain energy density W. (b) Receiver
operating characteristic (ROC) curves for the three loading regimes.
TABLE 1. Parameters of the logistic regression models
(b1 and b2) and optimal cutoff values (pc and Wc)t o
discriminate between high- and low-risk deformations,
as derived from the ROC curves.
Loading regime b1 b2 (kPa
 1) pc Wc (kPa)
1 9 120 min  2.8 0.18 0.15 6.0
1 9 10 min  3.9 0.18 0.07 7.2
12 9 10 min  4.6 0.38 0.09 5.9
pc is the optimal cutoff probability, Wc is the optimal cutoff value
for W.
LOERAKKER et al. 2584present. Including friction was therefore considered to
represent a major improvement to the model.
However, even with the improved FE model, the
comparison of deformation and damage in the 2 h
continuous loading regime showed a consistent spatial
mismatch between the deformation and damage pro-
ﬁles. This mismatch might be caused by the relative
sliding of diﬀerent muscle groups during loading,
which was not incorporated in the FE model. Appar-
ently, this eﬀect did not occur within a 10 min loading
period, since almost complete overlap of damage and
high deformations was observed for the 10 min load-
ing period and the 2 h intermittent loading protocol
consisting of 12 periods of 10 min loading. This spatial
mismatch could not aﬀect the global analysis. How-
ever, it clearly inﬂuenced the results of the local anal-
ysis in which a probability function for damage was
estimated. Since part of the damage as assessed from
the MR images was located in low-strain areas in the
FE model instead of the high-strain region, the mis-
match probably caused an overestimation of the
probability on damage for low strain energy densities,
and an underestimation of this probability for high
strain energy densities. The results of the local analysis
for the 2 h continuous loading regime should therefore
be treated with caution and should not be interpreted
as absolute values.
Damage in the tissue was only present if a distinct
deformation threshold, of similar magnitude for each
of the three loading regimes, was exceeded. This result
was obtained from both a global analysis of the results
in which the strain energy in the tissue was compared
with the total area exhibiting a T2 increase, and a local
analysis in which the local T2 increase was compared
with the local strain energy density. The global analysis
showed that no damage occurred for experiments
with 2D strain energies below a threshold range of
0.8 9 10
 4 to 1.0 9 10
 4 J/mm. The advantage of this
analysis is that the deformation and damage in each
experiment could be classiﬁed with a single value,
facilitating the comparison of the different experiments
and loading regimes. However, since the derived
threshold value is only applicable to the speciﬁc
deformation pattern applied in this study, it should not
be interpreted as an absolute value. ROC curves were
used to estimate a local deformation threshold that is
effectively independent of the applied deformation
proﬁle. Due to the spatial mismatch between defor-
mation and damage for the 2 h continuous loading
regime, the derived cutoff probability for this loading
regime was considerably larger than for the other two
protocols, which is considered an artifact. The local
deformation threshold itself appeared to be similar for
each loading regime, corresponding to a strain energy
density of approximately 6–7 kPa. It should, however,
be noted that the absolute value of this threshold
depends on the constitutive model and the values of
the material parameters in the FE model. The fact that
the deformation threshold for damage within a 2 h
loading period was independent of the load exposure
time supports the idea of an inverse sigmoid relation
between deformation and time that will lead to tissue
damage.
13,15,17 For short loading periods, the defor-
mation effectively determines the threshold for dam-
age, which corresponds to the initial upper plateau
phase of the sigmoid curve. It appears that for the
present animal model this initial plateau phase exists
for at least 2 h. However, it should be noted that the
threshold value and the duration of this initial plateau
phase can be different for other animals and in par-
ticular for humans, depending on their susceptibility to
tissue damage induced by mechanical loading. Thus,
an extrapolation of the present threshold to the human
situation, particularly with the inherent variability
associated with confounding factors, must be taken
with caution.
When the deformation threshold for damage was
exceeded, the global analysis showed a monotonic
increase of the amount of muscle damage with the
internal strain energy. This increase of damage with
strain energy was larger after a 2 h loading period than
after 10 min. From the local analysis, the probability
of damage as a function of the local strain energy
density also appeared to be higher for the 2 h than the
10 min loading period. Thus, the load exposure time
inﬂuences the amount of damage that develops due to
deformation. This increase in aﬀected area in the tissue
might be caused by a physiological eﬀect. For example,
the release of cellular constituents from dead cells may
trigger cell death in the surrounding tissue. Another
possible explanation could be the local change of
mechanical properties associated with dead tissue. For
example, Gefen et al.
14 found a signiﬁcant increase in
muscle stiffness after cell death, which can subse-
quently increase the deformations of the surrounding
tissue and thereby the total amount of damage.
When the 2 h continuous and intermittent loading
regimes are compared in the global analysis, the
increase of damage with strain energy appeared to be
similar for both loading regimes. On the other hand,
the local analysis suggested distinct diﬀerences in the
local probability of damage. The continuous loading
protocol caused more damage than the intermittent
load for small strain energy density values, while the
reverse was the case for high strain energy densities.
However, it is postulated that these diﬀerences in the
local analysis were caused by the mismatch between
the damage and deformation proﬁles in the 2 h con-
tinuous loading regime. This mismatch is considered
a shortcoming of the FE model, and therefore a
Temporal Effects of Loading on Skeletal Muscle Damage 2585comparison of these two loading regimes based on the
results of the local analysis would lead to erroneous
conclusions. For the present study, it is therefore
concluded that intermittent load relief did not aﬀect
the damage evolution within a 2 h loading period. This
may be a result of the fact that a 2 h loading period is
unlikely to cause any ischemic damage in our animal
model. Indeed, it has been shown by Stekelenburg
et al.
25 that 2 h of complete ischemia as induced by a
tourniquet induced no signiﬁcant damage in the tissue.
Therefore, reperfusion during load relief would neither
reduce any ischemic damage nor cause additional
damage due to ischemia/reperfusion injury. During
longer periods of mechanical loading, intermittent load
reliefs may show a larger inﬂuence on the damage
evolution, since then ischemia is expected to play a
larger role in the damage process in skeletal muscle
tissue. In addition, the off-loading period could also
have been too short to affect the evolution of muscle
damage. Makhsous et al.
19 measured the perfusion in
the buttocks of human volunteers during a sitting
protocol including wheelchair pushups and found that
these pushup periods of approximately 30 s were
insufﬁcient to provide complete recovery of tissue
perfusion. Coggrave and Rose
9 also reported that
almost 2 min of pressure relief were needed to restore
tissue oxygen to basal unloaded levels in spinal cord
injury individuals.
In summary, the present study showed that the tis-
sue deformations during mechanical loading determine
whether or not skeletal muscle damage develops within
a short (2 h in our animal model) loading period. The
deformations that were applied in this study are clini-
cally relevant when compared to internal soft tissue
strains in paraplegic individuals sitting on a hard sur-
face.
18 Therefore, to prevent muscle damage that
already develops during short periods of mechanical
loading, it is important to minimize tissue deforma-
tions by means of cushions and mattresses with
appropriate stiffness, such that the deformation
threshold for damage is not exceeded. If the defor-
mations do exceed the threshold, then the exposure
time determines how much damage develops in the
tissue. Limiting the exposure time may therefore also
help to minimize the amount of muscle damage due to
mechanical loading. In the present study, intermittent
load relief appeared to have minimal effect on the
damage evolution. In clinical practice, relief of con-
tinuously applied pressure is often accompanied by a
change in posture. It is expected that the resulting
redistribution of the mechanical load would inevitably
inﬂuence the damage evolution and may therefore be
more important than temporarily restoring tissue per-
fusion.
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